ABSTRACT Niosomes are nonionic surfactant vesicles that have potential applications in the delivery of hydrophobic or amphiphilic drugs. Our lab developed proniosomes, a dry formulation using a sorbitol carrier coated with nonionic surfactant, which can be used to produce niosomes within minutes by the addition of hot water followed by agitation. The sorbitol carrier in the original proniosomes was soluble in the solvent used to deposit surfactant, so preparation was tedious and the dissolved sorbitol interfered with the encapsulation of one model drug. A novel method is reported here for rapid preparation of proniosomes with a wide range of surfactant loading. A slurry method has been developed to produce proniosomes using maltodextrin as the carrier. The time required to produce proniosomes by this simple method is independent of the ratio of surfactant solution to carrier material and appears to be scalable. The flexibility of the proniosome preparation method would allow for the optimization of drug encapsulation in the final formulation based on the type and amount of maltodextrin. This formulation of proniosomes is a practical and simple method of producing niosomes at the point of use for drug delivery.
INTRODUCTION
Many active compounds have limited aqueous solubility, so there is great need for delivery systems suitable for hydrophobic and amphiphilic drugs. One approach to this problem has been to use lipid-based vesicles as drug carriers. Multilamellar liposomes can be used for hydrophobic or lipophilic drugs that can partition into the lipid phase and unilamellar vesicles can be used to entrap water-soluble drugs in the interior aqueous space. Liposomes are currently approved or are in late-stage clinical trials for delivery of many drugs, including amphotericin B (AmBisome), doxorubicin (Doxil, Evacet), daunorubicin (DaunoXome), anthracycline (Annamycin), nystatin (Nyotran), and cytarabine (DepoCyt). Niosomes are similar systems in which nonionic surfactants are used instead of phospholipids. The history, properties, and applications of niosomes have been recently reviewed (1, 2) . Niosomes have been investigated for drug delivery through the most common routes of administration, such as intramuscular (3) , intravenous (4, 5) , subcutaneous (6, 7) , ocular (8) , oral (9, 10) , and transdermal (11, 12, 13) . Niosomes appear to be multilamellar surfactant structures (14) , and are thus best suited for hydrophobic or amphiphilic drugs. Relatively insoluble compounds, such as the chemotherapeutics currently formulated in liposomes, could be delivered in these synthetic, nonionic surfactant vehicles. For example, recent studies showed a comparable efficacy between niosome-encapsulated doxorubicin and doxorubicin in solution at twice the dose (15) , and that niosomeencapsulated cytarabine hydrochloride exhibited significantly delayed release compared to drug in solution (16) .
The traditional method for producing niosomes or liposomes involves drying the lipid to a thin film from organic solvent, and then hydrating this film with the aqueous solvent of choice (17) . The resulting multilamellar vesicles can be further processed by sonication, extrusion, or other treatments to optimize drug entrapment (18) . Other methods, such as injection of lipids in water-miscible or water-immiscible solvents into an aqueous solution, detergent dialysis, or reverse-phase evaporation are complicated by the need to remove certain components following liposome formation (18) . All of these methods are time consuming, and many involve specialized equipment. The thin film approach allows only for a predetermined lot size so material is often wasted if smaller quantities are required for a particular application or dose.
Proniosomes (19) (and proliposomes (20) ) circumvent all of these complications. These are dry formulations of surfactant-coated carrier, which can be measured out as needed and rehydrated by brief agitation in hot water. Proniosomes (and proliposomes) are normally made by spraying surfactant in organic solvent onto sorbitol powder and then evaporating the solvent. Because the sorbitol carrier is soluble in the organic solvent, it is necessary to repeat the process until the desired surfactant loading has been achieved. The surfactant coating on the carrier is very thin and hydration of this coating allows multilamellar vesicles to form as the carrier dissolves (14, 17) . The resulting niosomes are very similar to those produced by conventional methods and the size distribution is more uniform. It was suggested that this formulation could provide a suitable method for formulating hydrophobic drugs in a lipid suspension without concerns over instability of the suspension or susceptibility of the active ingredient to hydrolysis (19) . It was also observed, however, that certain solutes were affected by the presence of dissolved carrier. Although conventional niosome suspensions would include only the multilamellar surfactant particles in buffer, a typical formulation derived from sorbitolbased proniosomes would consist of multilamellar surfactant particles in buffer and dissolved sorbitol. The residual sorbitol concentration in the formulation reported previously (19) was 1.1 mol/L, and was observed to affect entrapment efficiency. Specifically, dissolved sorbitol could decrease entrapment efficiency to less than one half of that observed without sorbitol (19) . Because the dissolved carrier can exert such an influence on entrapment behavior, one of the primary goals of subsequent research was to reduce the proportion of carrier to surfactant so that the amount of carrier in the final niosome suspension would be minimal. Although not an issue in the process of making niosomes from proniosomes, it was difficult to coat sorbitol particles because sorbitol is soluble in chloroform and other organic solvents. If the surfactant solution was applied too quickly, the sorbitol particles would degrade and the sample became a viscous slurry. To avoid this constraint, several methods of making proniosomes were attempted, but most proved to be time consuming and had narrowly constrained limits on acceptable production conditions. In this article, experiments are described in which maltodextrin was evaluated as an alternative to sorbitol as the carrier material in the proniosome preparations.
MATERIALS AND METHODS
Two morphological forms of maltodextrin, Maltrin QD M500 and Maltrin M700, were donated by Grain Processing Corporation (Muscatine, IA). Alprenolol hydrochloride, Span 60, and dicetylphosphate were purchased from Sigma (St Louis, MO). Cholesterol and chloroform (high-performance liquid chromatography [HPLC] grade) were purchased from Fisher (Pittsburgh, PA). All materials were used without further purification.
Proniosome Preparation
In previous work with proniosomes (16) , optimized proportions of Span 60, cholesterol, and dicetylphosphate were determined (molar ratio 47.5:47.5:5, respectively), and these proportions were used in this work. A stock solution of surfactants in chloroform was prepared with 164 mmol/L Span 60, 164 mmol/L cholesterol, and 17.2 mmol/L dicetylphosphate. In the "1x" surfactant loading preparations (0.5 mmol/g), 1.45 mL of surfactant stock, containing 0.2375 mmol Span 60, 0.2375 mmol cholesterol and 0.025 mmol DCP, were added to 1 g of carrier material. Other surfactant loads were produced by the addition of proportional volumes of surfactant stock to the carrier material using the method described below. All water used in this work was distilled and then deionized using a Barnstead Nanopure filtration system (Dubuque, IA). Proniosomes with maltodextrin as the carrier were prepared by a slurry method in contrast to the slow spray-coating method used with sorbitol (19) . A rotary evaporator (Büchi Rotovapor-R, Flawil, Switzerland) was used to evaporate solvent with the rotation speed set at ~60 RPM. Vacuum was generated by a mechanical vacuum pump (Duo-Seal, Sargent-Welch Scientific Co, Skokie, IL), the proniosome sample temperature maintained at 25°C by a water bath, and chloroform collected in a liquid nitrogen solvent trap. For the slurry method (1x), 10 g of maltodextrin powder was added to a 250-mL round-bottom flask and the entire volume of surfactant solution (14.5 mL) was added directly to the flask. (Additional chloroform, ~30 mL, was added to preparations with low surfactant content to provide enough solvent to form a slurry.) The flask was attached to the rotary evaporator and vacuum was applied until the powder appeared to be dry and free flowing. The flask was removed from the evaporator and kept under vacuum overnight. Proniosome powder was stored in sealed containers at 4°C.
Scanning Electron Microscopy (SEM)
Proniosome powders were affixed to double-sided carbon tape, positioned on an aluminum stub, and excess powder removed. The stubs were stored under vacuum overnight. The samples were sputter-coated with Au/Pd under an argon atmosphere at 180 mA for 1 minute (Polaron E5100; VG MicroTech, West Sussex, UK). Electron micrographs were obtained using a field-emission SEM operating at 1 or 2 kV (Zeiss DSM 982 Gemini; LEO Electron Microscopy Ltd, Cambridge, UK).
Niosome Preparation and Encapsulation Measurement
Proniosome powder (prepared as described above) was weighed into screw cap vials. Water at 80°C was added and the vials capped. The vials were attached to a vortex mixer (Vortex Genie2, VWR Scientific, Bohemia, NY) and agitated at the maximum setting for 2 minutes. Niosome suspensions were prepared such that the total surfactant concentration was the same. This required hydration of different amounts of proniosomes depending on the surfactant loading as outlined in Table 1 . 
Measurement of partitioning (entrapment)
The fraction of drug associated with the niosomes was measured using a centrifugation assay. Niosomes with 100 mM surfactant were made, as described above, from proniosomes of the desired formulation by adding hot drug solution (alprenololHCl, 1 mM or 10 mM in pH 7.4 HEPES buffer, 80°C). The preparation was cooled to room temperature (20°C) and allowed to equilibrate for 30 minutes. Aliquots (4 x 1.5 mL) of the niosome suspension were centrifuged in polypropylene microcentrifuge tubes at 30,000 xg for 15 minutes, using a Beckman J2-21M centrifuge with a JA-18.1 rotor (Beckman-Coulter, Fullerton, CA). Depending on the surfactant loading, centrifugation produced either a floating cake, a soft pellet, or both. The supernatant was generally cloudy except for the 1x proniosome preparation. The supernatants for each niosome preparation and the stock solution were diluted 1:4 with buffer and centrifuged again to ensure complete removal of niosomes. The supernatants from the second centrifugation step were analyzed by HPLC using a Waters 717 plus autosampler, a Thermal Separation Products (TSP) Membrane Degasser, a TSP Constametric 4100 pump, and a HP Hypersil ODS column (5 m, 4.0 x 25 mm). The mobile phase was 1:1 acetonitrile: 25 mmol/L potassium phosphate, pH 3.0. Drug concentration was measured by absorbance at 220 nm, using a TSP Spectromonitor 3200. Peak areas from 3 injections from 2 different samples were used to obtain averaged data. Drug concentrations measured in the supernatant were used directly as aqueous phase concentrations. Control samples without niosomes provided the total drug concentration, and the difference (control-aqueous) provided the amount of drug partitioned into niosomes. Standard deviation was determined by replicate measurements using samples from 2 different lots of proniosomes.
Particle Sizing
Niosome suspensions were prepared using a variety of surfactant concentrations, as described above. The niosome suspension was mixed by repeated inversion before sampling to assure uniformity. A light-blockage particle sizer (Accusizer 770, Particle Sizing Systems, Santa Barbara, CA) was prepared by flushing the system with Barnstead nanopure water until the particle count was below 100. A small volume of the suspension, up to 1 mL, was delivered to the 50-mL reservoir and counts accumulated for 30 seconds. Number-weighted particle size distributions were obtained.
RESULTS
Two types of maltodextrin carriers were used, Maltrin M500 and Maltrin M700. Both are very soluble in water but insoluble in a number of organic solvents including chloroform. Figure 1 shows SEM images for the uncoated particles, which were used to determine average particle sizes. Although chemically similar, the two maltodextrins have significantly different morphology. Maltrin M500 is composed of solid particles with average diameters of approximately 200 µm as determined from SEM. In contrast, Maltrin M700 is composed of hollow particles with average diameters from SEM of approximately 250 µm. The manufacturer's sieving measurements, averaged over many lots, indicate that the particle sizes of both M500 and M700 are primarily in the 300-800 µm range. Some particles of the M700 were broken in handling, and from these broken pieces the average thickness of the shells was estimated to be 2.1 µm (± 1.2 µm). (This average may not be representative of the mean thickness of intact M700 particles because thinner shells may be more fragile and bias the average.) Electron micrographs of proniosomes (1x) prepared from the maltodextrins are also shown in Figure 1 . The M700 proniosomes appear very similar to the original material. However, the process of coating the M500 maltodextrin with surfactant leads to clumping and larger particles.
To evaluate the effects of minimizing the amount of carrier, a series of samples was made with different ratios of surfactant to maltodextrin carrier material. The smallest surfactant loading (referred to as 1x) included 0.5 mmoles of surfactant per gram of carrier. Ratios as high as 128x (64 mmoles surfactant per gram of carrier) were tested. The relative amounts of carrier and surfactant for each surfactant loading are given in Table 1 . The relative weights of proniosomes and the concentration of carrier material in the final niosome suspension are also given. These amounts are the same for each type of carrier as the proniosomes were prepared by weight of carrier. , (b) 1´, (c) 4´, (d) 8´, (e) 16´, (f) 32´, (g) 128´. The hollow morphology of the original powder is maintained.
As the surfactant load increased (Figure 2) , the observed thickness of the coating on the hollow M700 particles increased. The electron micrographs show that the hollow morphology of M700 was maintained during the preparation of proniosomes. At loads greater than 32x, the surface became quite rough. Under high loading conditions, the rehydration process became less efficient and large (mm) pieces of aggregated surfactant could be seen in the vials (21) . Electron micrographs of proniosomes made with M500 maltodextrin (not shown) showed that a similar increase in roughness of the coating occurred, but at lower surfactant loading due to the lower surface area of M500.
The mean diameter of niosomes produced from maltodextrin-based proniosomes was measured using a laser light scattering method similar to that described previously for sorbitol-based proniosomes (19) . The diameter of niosomes from maltodextrinbased proniosomes was a distribution centered at 4-5 µm with a width at half maximum of 7-8 µm. Figure  3 shows that the particle size distributions varied little with carrier type, surfactant loading, or final concentration of surfactant in the niosome suspension. However, at loads greater than 32x, the number of niosomes in the suspension decreased because of inefficient hydration of the proniosomes (21).
Drug "entrapment" was measured by a centrifugation assay, in which the unentrapped drug was assayed by HPLC and the "entrapped" drug determined by difference. For 1 mmol/L alprenolol and 100 mmol/L surfactant, 89% ± 2% of the drug was associated with the niosomes for all proniosome surfactant loadings except 1x. For niosomes derived from 1x proniosomes, only 72% ± 4% of the drug was associated with the niosomes. At higher drug concentrations, a lower proportion of the drug was associated with the niosomes. For 10 mmol/L alprenolol, only 54% ± 5% of the drug was niosomeassociated.
DISCUSSION
The objective in developing proniosomes was to devise a method of producing a nonionic surfactantbased dosage at the point of use to avoid problems of physical and chemical stability found in storage of some surfactant-based dosage forms. By creating a dry formulation, issues related to hydrolysis of the active ingredient or surfactants are avoided; by forming the suspension as needed, precipitation and aggregation are avoided. Although the sorbitol-based proniosomes (19) accomplished these objectives, the effect of the carrier on entrapment efficiency remained problematic. Significant concentrations of sorbitol altered the distribution of one model compound (19) . However, making proniosomes with a reduced amount of sorbitol was a tedious process and began to compromise the advantages of proniosomes related to minimizing film thickness. The use of maltodextrin as the carrier in the proniosome preparation permitted flexibility in the amounts of surfactant and other components, which greatly enhances the potential application of proniosomes in a scaled-up production environment.
Although maltodextrin is a polysaccharide, it has minimal solubility in organic solvents tested here. Thus, it was possible to coat the maltodextrin particles by simply adding surfactant in organic solvent to dry maltodextrin and evaporating the solvent. An analogous process with sorbitol results in a solid, surfactant/sorbitol cake. Because the Figure 3 Size distributions of niosome suspensions obtained from the hydration of the indicated proniosomes. The average size of niosomes derived from 1× proniosomes (a) was similar for both M500 and M700 proniosomes at a wide range of surfactant concentration. The particle size distribution showed little variation with surfactant loading (b).
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maltodextrin particle morphology is preserved ( Figure  2 ), hollow blown maltodextrin particles can be used for a significant gain in surface area. The higher surface area results in a thinner surfactant coating, which makes the rehydration process more efficient (17) . For drugs where maltodextrin is found to affect encapsulation efficiency, the maltodextrin can be minimized by producing proniosomes with greater surfactant loading. The maximum loading that still permits efficient hydration of the surfactant coating is 3.3 grams surfactant per gram of carrier or 8 mmol/L surfactant per gram of carrier (21) . Nevertheless, efficient encapsulation of amphiphilic drug into the niosomes was achieved for a wide range of surfactant loadings (4x to 128x ). This result suggests that this approach provides considerable latitude in developing specific formulations where other considerations may be important.
For amphiphilic or hydrophobic drugs, in liposome or niosome formulations, it is more appropriate to describe association of drug with the lipid microparticles as "partitioning" rather than "entrapment" of the drug. For unilamellar vesicles with large aqueous interior volumes, water-soluble drugs can be entrapped if their permeability across the bilayer constituting the vesicle wall is limited. For multilamellar structures like the niosomes in this study, most of the hydrated microparticle is surfactant. In these structures, hydrophobic drugs can partition to the hydrophobic interior of a bilayer and amphiphilic molecules can partition to the interfacial environment on either the inner or outer leaflet of the bilayer.
The extent to which drugs partition to such interfaces is not necessarily correlated to their bulk-phase partitioning behavior (22) . Because the drugs are not homogeneously distributed throughout the membrane volume, partitioning between aqueous phases and vesicles should not be expressed in terms of volumebased units such as molarity. Moreover, for vesicles of heterogeneous composition, units standardized to moles of surfactant (e.g., mole fraction) unreasonably equate the contributions of all constituents, and the molar composition of natural membranes may not be well known. Thus, a mass-based measure of drug lipophilicity was adopted (23) , defining a membranebased partition coefficient (K p(mem) ). By analogy, a surfactant-based partition coefficient (K p(s) ) can now be defined as:
Measured K p(s) for alprenolol (1 mmol/L) partitioning into niosomes from maltodextrin-based proniosomes was 202 so it appears that these niosomes can be used as a carrier for amphiphilic drugs. At higher concentrations of alprenolol (10 mmol/L), the measured K p(s) was 30.6 so this concentration has begun to approach the capacity limit for the surfactant bilayers. Bulk phase measurements of alprenolol partitioning in octanol/buffer (HEPES pH 7.4) were comparable to the previously reported K o/w of 12.0 (24) . It has been reported that retention times from HPLC using "immobilized artificial membrane" (IAM) columns provide a better indication of membrane-partitioning behavior than bulk phase measurements or reverse phase (C18) retention times. Although these measurements should better mimic the interfacial environment than would a bulk solvent phase, IAM data for alprenolol indicated KP = 31.6 (25) . This value is comparable to that obtained for 10 mmol/L alprenolol, but significantly smaller than that obtained for 1 mmol/L alprenolol.
The ability of a lamellar surfactant phase to accommodate an amphiphilic ligand depends on the structure of the surfactant phase. Drugs partition less easily into highly ordered systems such as phospholipid membranes with added cholesterol (22) . Similarly, the presence of drug in the lamellar surfactant phase can affect its structure and dynamics, and thus its ability to accommodate more drug. In other words, the capacity of a lamellar surfactant phase is limited and nonlinear. These effects may well explain the measured differences in alprenolol partitioning into niosomes. Because of the amphipathic structure of alprenolol, it should partition more easily into an interfacial phase than a bulk phase of either high or low polarity. Because the IAM column is composed of saturated phosphocholine residues, it may be expected to have more order than the surfactant mixture in our niosomes. Most relevant to this work is the fact that the niosomes from maltodextrin-based proniosomes can act as effective carriers for amphiphilic drugs.
CONCLUSIONS
Maltodextrin-based proniosomes are a potentially scalable method for producing niosomes for delivery of hydrophobic or amphiphilic drugs. The method is simple and overcomes several problems encountered in previous studies. The niosomes produced using this method are effective carriers for amphiphilic drugs.
